A rapid and facile method to prepare nickel foam from nickel nitrate and glycine using a conventional microwave oven is presented. The foam, characterized by SEM, XRD-Rietveld, TG, magnetization measurements and BET contains mostly nickel metal (80 w%) and nickel oxide (20 w%); it exhibits pores in the sub micrometric and nanometric scale and consists of particles with an average diameter of 45-47 nm and BET surface of 15.9 gm −2 . This microwave-assisted combustion synthesis is used to infiltrate porous ceramic scaffolds with nickel metal as a potential method to accelerate the fabrication of electrodes in solid oxide fuel cells and electrolysers. After repeated impregnation, the scaffolds of Ce 0. Nickel cermets are the state of the art material as electrodes for Solid Oxide Fuel Cells and Solid Oxide Electrolysers. A typical anode configuration consists of a composite of nickel metal and the corresponding electrolyte such as a stabilized zirconia, a doped ceria or a mixed barium cerate-zirconate.
Nickel cermets are the state of the art material as electrodes for Solid Oxide Fuel Cells and Solid Oxide Electrolysers. A typical anode configuration consists of a composite of nickel metal and the corresponding electrolyte such as a stabilized zirconia, a doped ceria or a mixed barium cerate-zirconate. [1] [2] [3] A common fabrication method involves mixing thoroughly NiO and the zirconia, suspension in a slurry, application by tape casting or screen printing, co-firing with other components -electrolyte, support, etc. -and finally reduction insitu of the NiO to Ni. Alternatively, the composites can be fabricated by preparing first a porous scaffold of the electrolyte and infiltrating it with a solution of the nickel nitrate; this is then decomposed to the oxide by heating and the cycle of infiltration and decomposition is repeated until the desired loading and microstructure is obtained. This method provides a useful way of controlling the microstructure 4 and the loading and produces excellent results in terms of electrochemical performance, 3, 5 it is, however energy consuming since the whole cell (scaffold, electrolyte, etc.) has to be heated and cooled repeatedly; it is time consuming as this long process has to be repeated several times.
In the work presented here, we show the potential of microwaves to accelerate the process of impregnation in a porous scaffold. The synthesis of metallic nickel by combustion synthesis has been reported to take place in a hot-plate 6 and an insight into the reaction mechanism has been given before. 7 Previous reports indicate the production of nickel metal by irradiating with microwaves a mixture of nickel nitrate and an organic fuel [8] [9] [10] with reaction times up to 10 minutes. Here, we take the experiments further by simplifying and speeding up the synthesis and using it as a processing technique with great potential to produce anodes for fuel cells. First we confirm that nickel metal can be obtained by direct action of microwaves from a conventional oven and a suitable solution of nickel nitrate and glycine. Secondly, we use the method to deposit nickel metal directly in a variety of porous structures and characterize them by electron microscopy.
Experimental
The desired amount of glycine was dissolved in a 2 M water-based solution of Ni(NO 3 ) 2 . In a typical experiment 0.4 ml of solution were placed in an open vial glass and irradiated in a microwave oven at maximum power (1000 W) for 60 s. The oven used was a Sanyo Microwave Oven Super shower wave 1000 W working at 2.45 GHz. * Electrochemical Society Active Member.
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The samples used for analysis were a mixture of the different reaction batches. In this way, we comply with local health and safety regulations while averaging over dozens of reaction batches.
The microstructure was studied with a JEOL 5600 scanning electron microscope (SEM). High magnification images were obtained with a Field Emission SEM JEOL JSM-6700F. The distribution of the deposited metals in the porous structure was studied by EDX elemental analysis.
Crystal structure and phase purity were examined by X-ray diffraction (XRD) analysis of powders in an EMPYREAN diffractometer system in reflection mode. Incident radiation was generated using a Cu-K α1 source (λ = 1.54056 Å). The step scan covered a 2theta range from 10 to 90 deg with a step-size of 0.017 deg and a collection time 1 s per step. Diffraction data sets were refined by the Rietveld method using the FullProf software.
11 Diffraction peakshapes were quantified using a pseudo-Voigt function, with a peak asymmetry correction applied at angles below 55 deg in 2theta. Background intensities were described by a Chebyshev polynomial with six coefficients.
A few milligrams of the samples were analyzed by thermogravimetry using a Netzsch TASC 414/3 equipment. The heating rate was 5 Kmin −1 in air. The BET surface area was measured with a Micromeritics TriStar II equipment. For all samples the electrical continuity was tested with a 2 point hand-held ohmmeter and in a selected case the conductivity was measured in 10% wet H 2 using a 4-point dc technique. Silver electrodes were painted on the sample and silver wire was used to connect to the measuring equipment (Autolab PGSTAT 302). To ensure full reduction and equilibrium the sample was kept at 650
• C for 2 hours before measuring while cooling down stopping 1 hour at each measured temperature. DC magnetic measurements were performed in a Quantum Design MPMS-XL Superconducting Quantum Interference Device (SQUID) magnetometer. Magnetization versus magnetic field measurements were performed at room temperature between 0 and 22 kOe. 
Results
Synthesis.-Several ratios of glycine/nitrate were tested ranging from the lean to the rich fuel. The optimum ratio for a complete reaction was 3 mol of glycine per mol of nitrate and the completion time of the reaction was 60 s. For quantities smaller than 0.5 ml the solution boiled and evaporated in the first 15 seconds of irradiation, followed by the formation of foam, evolution of gases and a very exothermic reaction with flames. In the last 15 seconds there was vigorous sparking. In some cases there was a final glow of some areas of the material. The residues were mainly foam mixed with black powders. Four quick tests proved the unequivocal presence of nickel metal: a) the aforementioned bright sparks quite distinct of a metal-microwave interaction b) small lumps of material with a typical white metallic lustre were observed in the vial c) the black powder and the metal lumps were easily attracted by a magnet unlike what is expected from NiO. d) A test of electrical continuity with an ohmmeter confirmed the presence of metallic nickel.
For comparison, the same initial solution was heated in a hot plate but no spontaneous combustion took place. No traces of metallic nickel were detected after the decomposition by any of the tests used above. It has been reported before that it is possible to obtain nickel metal using a hot plate but the stoichiometric ratios were different in those reports. The calculated cell parameters were 3.4841 Å for Ni and 4.1275 Å for NiO; both values presented considerable compression compared to bulk theoretical values of 3.523 Å and 4.1769 Å respectively. The crystallite size estimated with the Scherrer formula (taking the shape factor as 0.89 for a sphere) was 46 nm for Ni and 27 nm for NiO. Whereas the value of Ni seemed to correspond very well with the size of the nanoparticles seen in Figure 1c , the value for NiO crystallite seemed overestimated, was dependent upon the selected reflection and probably does not have a physical meaning. It can be reasonable assumed that the oxide was covering the particles of nickel; Ni and NiO could not be separated with a magnet indicating they were bonded somehow. The thickness of the oxide shell can be roughly estimated as follows: we considered the metallic nickel as spheres with diameter of 46 nm; taken the density of Ni as 8.908 gcm −3 and that of NiO as 6.67 gcm −3 , a simple geometrical estimation gave a thickness of 2.3 nm for the oxide shell around the Ni metal nanoparticles. With the volume and the mass of these metal nanoparticles coated with the oxide, we estimated the specific surface area to be ca. 14.2 m 2 g −1 . This rough calculation matches well with the measured BET surface of 15.9 m 2 g −1 . A NiO shell of 2 nm around a nanoparticle of 46 nm diameter is likely to be strained and this could explain the large value of the cell parameter for NiO. Incidentally, the process produces a very peculiar magnetic interface: that of a ferromagnetic metal and the antiferromagnetic oxide with a very limited magnetic domain. Figure 3 shows the mass change of a few milligrams of foam upon heating in air. The main process is the oxidation of nickel metal to nickel oxide.
In principle, the total content of nickel metal could also be obtained by the difference in weight observed in Figure 3 , yet the drift in the instrument impedes a precise determination as no unambiguous initial base-line can be defined. Nonetheless, no large amounts of carbon (i.e. this would be seen as a weight loss) seemed to be present in the foam.
The magnetization curve for the nickel foam gave a value of 44 emug −1 while the theoretical magnetization is ∼54.97 emug −1 at room temperature. 12 The calculated metallic nickel content is then 80 w% very much in accord with the XRD-Rietveld analysis.
Applications: accelerated impregnation.-We impregnated four porous scaffolds: CGO, LST, BCZYZ and saffil. The latter was very porous (80-90%) and despite the softness it was capable of standing the exothermic reaction of formation of nickel. The saffil block was infiltrated and irradiated in the microwave 5 times at 1000 W for 60 s each time; the final load was 60 w%. There was no considerable damage to the structure of the saffil; excess nickel was removed from the surface of the material between impregnations. Figure 4 shows the microstructure of two cubes of saffil, with and without nickel. The piece impregnated with nickel was black, easily lifted with a magnet and exhibited electrical continuity as tested with a two-point ohmmeter.
The LST scaffold was mechanically robust, cream in color but less porous compared with the Saffil. Infiltration of the solution took longer times but was accelerated in vacuum. After 3 impregnations the material was black both in the surface and in the interior of the sample and reached a 2 w% loading. The metal loadings were smaller than in the case of the Saffil as the limited porosity retained less infiltrating solution. Further infiltration was not possible without mechanical damage to the scaffold. showed circular areas of nickel in the inner walls of the pores that were the result of the bubbles generated during the evaporation of the water; in a way they are the bi-dimensional equivalent of the pores seen in the foam (Figure 1b) . The nickel layer is well stuck to the surface of the pores, since the underlying structure of the pores is still visible. It is also clear that the nickel nitrate decomposition led to nickel metal layers attached to the walls of the pores rather than to foam. It is worth mentioning that pictures in Figure 5 were taken from the innermost part of the sample. Finally, Figure 5c shows a high magnification micrograph of the nickel attached to the LST scaffold. The coat had a thickness of 200-300 nm and consisted of an agglomeration of nanoparticles. Figure 6a shows a clean fracture of a virgin scaffold of BCZYZ while Figure 6b shows the fracture surface of the pores with a nickel deposit. The particular image presented corresponds to the innermost center of the bar used indicating that the nickel reached the interior of the porous structure. The conductivity of this BCZYZ sample impregnated 11 times reached a 2% weight gain. The conductivity in wet 10% H 2 diluted in N 2 is shown in Figure 7 . Despite the small content of nickel the measured conductivity is metallic in nature. The pores of the virgin CGO scaffold used for impregnation are shown in Figure 8a while Figure 8b shows the same scaffold type after 10 impregnation cycles. The sample was intact, very black, presented continuity and could be lifted with a magnet. Figure 8c shows the nanometric nature of the nickel layer. As apparent from Figure 8b , the CGO scaffold was saturated. This matches well with Figure 9 that displays the weight changes as a function of the number of impregnating cycles. Excess nickel was always removed from the surface of the sample before the next infiltration-irradiation cycle. A maximum of 6 w% was reached after 10 cycles. Assuming that from this weight percentage only a 0.8 fraction corresponds to nickel metal, we can estimate that upon oxidation in air, a weight gain of 1.2% is expected. Figure 10 shows the weight gain of the CGO sample impregnated with nickel as it is reheated in air. As in the case of the foam, the major charge corresponds to the oxidation of metallic nickel. The instrumental drift does not allow a precise determination of the weight It is then about 50% of the volume of the pores that can be easily filled with nickel. Notably, this quantity is enough to produce a percolating network of nickel necessary for a SOFC anode. Figure 11a shows a cross section of the impregnated CGO sample and the area used to obtain an average EDX spectrum is indicated as well. The average spectra is shown in Figure 11b while spectra taken at different points inside the indicated area revealed points where Ni was the main component and others where CGO prevailed, although a mixture of both appeared in most of the locations measured. This figure proves that a deep infiltration and microwave-assisted ignition of the nickel solution is possible. There are other factors affecting the infiltration of the solution, for example the wetting properties of the solution itself or the level of porosity of the matrix to be impregnated.
Discussion
Reaction and stoichiometry.-In principle, it is possible to write a full reaction that produces nickel without resorting to oxygen.
[1] It is however more likely that the reaction mechanism of combustion will be similar to that of ammonium nitrate leading to oxides of nitrogen (NO x ) rather than molecular nitrogen at the high temperatures reached. 13 Furthermore, the decomposition of nickel nitrate leads to NiO as well as to the formation of NO x .
14 The presence of orange gases during combustion seems to support this decomposition mechanism.
Carbon monoxide is produced from the partial oxidation of carboncontaining compounds when not enough oxygen is available to produce carbon dioxide. This can happen if the combustion is fast enough to produce oxygen starvation at a local level. In conditions of glycine excess, two reactions can take place. One is the full oxidation of Society, 162 (3) F273-F279 (2015)   Figure 11 . a) cross section of the impregnated CGO sample and the area used to obtain the average EDX spectrum shown in b).
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glycine: [2] and the other one is its partial oxidation:
It is probably a combination of the last two reactions that actually takes place. A key point to the synthesis of metallic nickel is the reducing atmosphere produced by the local equilibrium between CO 2 and CO according to:
This low partial pressure of oxygen can lead to the reduction of the metal oxide.
Other authors 7 have suggested hydrogen coming from the glycine as the main reducing agent even though the pyrolysis of amino acids usually leads to NH 3 , CO 2 and water. 15 The ratio of glycine to nitrate ions is of great relevance as the lean fuel compositions do not ignite and other glycine rich stoichiometries do not provide the vigorous reaction to produce the metal phase.
The main difference between heating in a hot plate and in the microwave oven is the homogeneity and speed of the heating: the hot plate relies on convection for heating the transmission while the microwave heating is more homogeneous and fast. It is not known as yet if the microwaves catalyze the reaction of combustion.
Microstructure.-The evolution of gases during the reaction leaves nickel foam behind. A constant throughout Figures 1a-1c is the presence of round pores in all sizes: sub-millimetric, sub-micrometric and nanometric. The different sizes of pores are related to the different steps of the reaction: the larger sub-millimeter pores are formed when the solution boils. The sub-micrometric pores are probably formed during the evolution of the reaction gases while the less common nanometric pores seem to be more associated to nickel nanoparticles flaking off. The size of the pores and the distribution were not under control at this stage of the investigation but can certainly be modified for example by decreasing the irradiation to incorporate a slow de-hydrating step or by incorporating a surfactant to the solution to decrease the surface tension.
Another feature of the foam is observed in Figure 1c : the particles are welded together. This sintering may be due to the direct effect of the microwaves on the nanoparticles 16 or favored during the high temperature achieved during the combustion. This feature may help forming a percolating network inside a porous scaffold.
Impregnation.-The incorporation of nickel metal into a porous structure is possible by microwave assisted-decomposition of a nitrateglycine mixture. The nickel deposited attaches firmly to interior of the pores and repeated impregnations can be carried out. Tolerance to the expansion of gases and speed of metal loading depend upon the nature of the porosity and the mechanical stability of the scaffold. In all the samples shown here and up to the number of impregnated cycles presented no fracture or fissure was observed. Several questions arise here as to the mechanical stability of a scaffold during the gas and heat release. Saffil, the insulating material used in furnaces, a very soft material with large porosity did not suffer any damage upon repeated impregnation and irradiations; a high metal load with a small number of impregnations can be obtained rapidly. The impregnation of LST, CGO and BCZYZ shows that it is also possible to deposit nickel in the interior of the pores. The repeated impregnation and irradiation of small cubicles resulting in no damage shows that it is possible for the porous scaffold to stand such reaction. We believe that the impregnation of larger or thinner samples may be limited by the type of microwave oven used and not by the process itself as will be discussed below.
Undoubtedly, the fast impregnation of porous CGO and BCZYZ is very encouraging. The cycles lead to a constant and stable weight gain when a limit load was reached. The microstructure is also of great interest as the nickel is nanostructured, very well attached to the inner walls of the pores and as demonstrated in Figure 7 the nickel is percolating in BCZYZ even with only a 2 w% of Ni/NiO.
A major advantage of this process of nickel impregnation presented here is the time and energy saved. First, as opposed to the process of impregnation that involves repeated heating of the whole sample; the scaffold to be infiltrated is not heated as it is transparent to microwaves like most ceramics. Second, the reaction takes only 60 s as opposed to the times involved in the thermal cycles in a high temperature furnace.
Challenges and perspectives.-The experiments here documented were performed in a conventional microwave oven. This has severe limitations for the scaling of the reaction due to the original design and purpose of the oven. A conventional microwave oven has hot and cold spots, making it difficult to initiate reactions where very small amounts of liquid are involved. Ideally, it is necessary to concentrate the radiation in the region of interest rather than to map the hot-cold zones to place the sample in a hot spot; the mapping can be done but it is a rather cumbersome process.
The amounts of gases released represent another problem and so does the heat released when using large amounts of liquid (i.e. > 5 ml). First, the oven used does not have the capacity to extract the gases produced quickly and second, the flames produced during the combustion can turn into plasma induced by the microwaves. A larger oven with suitable gas extraction and size can solve these problems.
A critical and practical challenge is the violent reaction of combustion: if the scaffold to be used is very thin (<0.5 mm) it cracks. However, when the material is sufficiently porous no structural damage F279 takes place as shown by the repeated impregnation of Saffil or when the scaffold has enough mechanical stability as in the case of CGO or BCZYZ. Only a small number of impregnating cycles was achieved with LST as the porosity did not allow a rapid evacuation of the reaction gases. A microwave oven that has no nodes or that can direct the microwaves in a specific spot can overcome these challenges. The energy used in the reaction can be used more efficiently if the microwaves are focused on the sample rather than in a large volume as in a conventional microwave oven.
In addition to its use as anode material, other applications of the nickel foam produced here can include: as electrode substrate in alkaline fuel cells 17 or an alternative to nickel Raney.
18
Conclusions
It is possible to prepare nickel metal from the microwave assisted combustion of glycine and the metal nitrate within 60 s. The resulting material is a nickel foam with pores of different size ranging from the sub-millimetric to the nanometric. The method is reproducible and the metal yields average 80 w% Ni and 20 w% NiO. The foam consists of welded nanoparticles with an average size of 45-47 nm and BET surface of 15.9 m 2 g −1 and the oxide is probably coating the metal particles.
This synthesis has then been applied to accelerate the impregnation of porous scaffolds as a potential method to prepare electrodes for solid oxide fuels cells. Four different scaffolds Saffil, CGO, BCZYZ and LST were impregnated and irradiated repeatedly to load nickel metal. Our results indicate that, provided the scaffolds are mechanically stable, it is possible to impregnate the samples with nickel metal inside the porous backbone; the nickel attaches well to the walls of the pores, an even distribution can be achieved and metallic conductivity has been measured in Ni/BCZYZ. As opposed to a conventional impregnation method, a high yield of metal nickel is obtained without needing reduction with hydrogen. The nickel deposited shows a rich texture with grains below 50 nm in diameter. Repeated impregnation was possible for CGO, BCZYZ and Saffil and the porous scaffolds were not destroyed during the process. The next challenge is to escalate the process method.
